Abstract-We propose pulse laser-based ultra-violet communication over long distance, such that the pulse response signals can be detected at the receiver at the cost of low data transmission rate. We characterize the signal and achievable performance for the pulse laser-based communication. Since the detection performance critically depends on the pulse response position estimation, we also propose two approaches to estimate the pulse response positions, one based on counting the number pulses in a window, and the other based on the correlation of pulse response shape and the number of detected photoelectrons. It is seen that the correlation-based position estimation approach can achieve more accurate estimation compared with the counting-based one.
I. INTRODUCTIONS Ultraviolet (UV) optical wireless communication [1] serves as a candidate for the mobile scenario since it does not require perfect alignment of the transmitter and receiver [2] , [3] and the UV background radiation is negligible. UV communication can maintain a certain data rate in a certain local area, which can also satisfy certain secrecy requirements. Most non-line of sight (NLOS) channel models adopt stochastic geometry framework and Monte Carlo simulation to evaluate the link gain [4] , [5] , [6] , and the path loss of NLOS channel has been studied with single scattering approximation [4] . In the past few years, extensive experimental works [7] , [8] have been conducted on the NLOS channel models, mostly on short ranges. Long-range UV scattering channels have been characterized in representative work [9] .
In the perspective of communication, experimental communication systems with transmission data rate of 2kbps over 100m distance have been reported in [10] . Realtime systems with approximately 2.4kbps air-face data rate over 90m transmission links, experiment with 500kbps air-face data rate over 50m NLOS transmission links based on RS/LDPC codes and semi-real-time system with nearly 80kbps air-face data rate over 30m NLOS transmission links have been accomplished in [11] , [12] , [13] , respectively. Based on simulation results with measured parameters, the link budget of nearly 1Mbps throughput over 80m NLOS transmission is performed in [14] . Furthermore, real-time demonstration of 400kbps throughput over 500m transmission link based on concatenated convolutional and RS codes has been realized in [15] . Realtime communication over 1km NLOS transmission link with 1Mbps throughput have been reported in [16] . Based on the measurement, it was predicted that the data rate could reach 100kbps at a range of 2000 meters [8] , [9] .
In this work, we consider even longer transmission distance. We adopt pulse laser for communication, where certain output response signal can still be observed under a large path loss. The cost of the long transmission distance is the low data rate, since the rate of a pulse laser is typically within one hundred pulses per second. We analyze the achievable performance on the pulse laser based UV communication. As the receiver-side processing involves the localization of the pulse response, we also propose two approaches for the pulse response position estimation, based on counting the number of pulses and the correlation of pulse response shape and the number of detected photoelectrons. It is seen that the latter one shows more accurate pulse position estimation if the pulse response shape is known.
II. SIGNAL AND SYSTEM MODEL A. Ultraviolet Communication Channel Characterization
According to the theory of Mie scattering and Rayleigh scattering, a multiple scattering Monte Carlo (MC) model is constructed, which can be further simplified using single scattering approximation. In such a model, the new propagation direction can be depicted by two angles, the scattering angle θ s and the azimuth angle φ. Note that the scattering angle reflects the distributions of photons emitted in different directions for a large number of photons passing through the scattering point. The phase functions of Mie scattering and Rayleigh scattering, respectively, are given as follows,
where γ and f are model parameters in the ray-tracing simulation; g represents the mean of cos θ s ; and µ = cos θ s is defined from the scattering angle θ s . We adopt weighted sum of Rayleigh scattering and Mie scattering phase functions as the scattering phase function, given by
where k We adopt random free distance r 0 to characterize the photon propagation between two consecutive scattering events. For a single photon, the traveling distance to the next scattering point obeys an exponential probability density function with mean 1/k e . Then, we have
where k s is the extinction coefficient of the atmosphere as the sum of scattering coefficient and absorption coefficient, and random variable ξ s satisfies the uniform distribution between 0 and 1. Note that θ s is obtained by solving the following equation,
where µ = cosθ s ; ξ µ is uniformly distributed between 0 and 1; and P (µ) is given by Equation (3). The probability of each photon successfully arriving at the receiver is calculated by integrating the phase function with the scattering angle, depending on the elevation angle and receiver FOV.
B. Pulse Broadening for Long-Distance UV Communication
The pulse broadening when propagating through the NLOS UV scattering channel enables the pulse laser-based longdistance NLOS UV communication. Here we investigate the relationship between receiver elevation angle and pulse broadening. As each measured impulse response exhibits random variations, we average sufficiently many impulse responses per geometry to obtain the average response. The pulse broadening is calculated based on left and right boundaries on the impulse response of UV signals.
Key system parameters on the pulse broadening simulation are shown in Table I . Figure 1 shows the pulse broadening for different receiver elevation angles (from 0-π/2) for receiver distance 5Km, where each time the elevation angle is increased by π/12, It can be seen that the pulse broadening is not sensitive to the elevation angle.
C. Pulse-based Communication System Block
We consider the pulse-based optical wireless scattering communication, whose system block diagram is shown in Figure 2 . At the transmitter side, a pulse laser is adopted to generate periodical laser pulses. The coded bits are fed into an external modulator controlling the on-off state of the external modulator. The pulse can be transmitted to the receiver if and only if the external modulator is on. Since the pulse rate is typically low, a physical mechanics based external modulator can be employed, for example a metal pipe with a mechanical on-off switch. The signals are detected by a PMT and then processed by digital signal processing techniques. The main motivation on the pulse-based communication lies in large path loss due to long transmission distance. If a continuous laser/LED transmitter is adopted, the received signal energy will spread in a long window with larger background radiations, which degrades the communication system performance. If using a pulse laser transmitter, the received signal energy can concentrate into a shorter window, with lower background radiation photons that can improve the communication performance, provided that the window position can be accurately estimated.
III. RECEIVED SIGNAL CHARACTERIZATION AND LINK BUDGET EVALUATION

A. Received Signal Characterization
Due to the strong attenuation of wireless optical scattering channel, the received optical signal can be characterized by discrete photoelectrons. The intensity of photon arrival at a certain time is proportional to the amplitude of pulse response, which varies over time. The background radiation can be treated as a constant-rate Poisson arrival process with arrival rate Λ b . Assume that the energy per pulse is given by E, and E p = hν is the energy per photon, where h and ν denote Plancks constant and the optical signal frequency, respectively. Let g(t) denote the pulse response from the transmitter to the receiver, in the form of received power, and η denote the quantum efficiency of the detector. Then, the Poisson arrival rate of photoelectrons, denoted as Λ s (t), is given by
The mean number of photoelectrons within a pulse response, denoted as λ s , is given by the integral of Λ s (t) within that pulse response interval.
B. Achievable System Performance
Assume that the length of processing window is T 1 , where the pulse response is located in that window and the pulse response is performed via counting the number of photoelectrons in that window. The bit error rates (BERs) under different lengths T 1 and for different mean numbers of photoelectrons for the signal components λ s are shown in Figure 3 . According to the link gain simulation results, λ s ranges from 10 1 ∼ 10 2 photons for the transmission distance longer than 5Km. Thus, we select the mean numbers of photoelectrons λ s = 50, 75, 100 and background radiation rate Λ b = 5 × 10 4 photons per second. Note that the mean number of background radiation photons is given by λ b = Λ b T 1 . It can be seen that the BER is below 10 −3 for the signal component λ s > 50 and processing time T 1 < 1ms. More sophisticated processing approaches based on the pulse response can be adopted to further reduce the BER.
One performance comparison benchmark is the UV communication based on continuous laser. Assuming symbol rate R and energy per pulse E, the corresponding continuous laserbased communication has the transmission power ER with processing window length 1/R. Then, the pulse-laser based communication may outperform the continuous laser-based one if the processing time window length T 1 < 1/R, which can be readily achieved in real practical applications.
IV. PULSE LOCALIZATION
Note that accurate localization of pulse response under the discrete pulse-type signals can reduce the detection BER. We propose two pulse response localization approaches, one based on simply counting the number of photoelectrons in case of unknown pulse response at the receiver, and the other based on matching the number of photoelectrons with the pulse response, in the case of known pulse response shape at the receiver.
A. Two Pulse Localization Approaches 1) Counting the Total Number of Pulses: We set a sliding window of length T , and count the number of pulses in that window. Let N denote the number of pulses in that sliding window. The start of a pulse is treated as the first time N higher than a threshold, and the end of a pulse is treated as the first time N lower than that threshold after the start of a window. The pulse counting threshold can be selected based on Neyman-Pearson criterion, under a certain false alarm probability since the mean number of photoelectrons λ b = Λ b T is known. A typical value of the threshold is two, i.e., the start of a window is detected if and only if there are more than two photoelectrons in that window.
2) Matching with the Pulse Response: In case of fixed distances and angles of the transmitter and receiver, the pulse response shapes through the same channel are similar. We can adopt such pulse shape to estimate the pulse response position. We consider the chip structure of length τ c . We perform a sliding correlation operation with the pulse shape sequence, which can be obtained via averaging over sufficiently many random channel realizations. The length of the pulse shape sequence is the longest of the generated realizations. Let Z i denote the number of photoelectrons detected in each chip and S(m) denote the pulse shape sequence. The sliding window correlation finds the position where the correlation exceeds a threshold and reaches the maximum as the start of a pulse response, and the first time it falls down to zero after the start of a window as the end of a pulse response. The correlation is computed as follows,
B. Numerical Results
Assume that the distance varies from 5Km to 9Km, and the same geometry configuration parameters as shown in Table I . The real starting time and ending time of a pulse response are denoted as P L and P R , respectively. 1) Counting the Total Number of Pulses: We set the counting window length to T = 0.02 × 10 5 . The estimated starting time and ending time for one channel realization are denoted asP L1 andP R1 , respectively, as shown in Table II. TABLE II  TRUE AND ESTIMATED TIME WINDOW UNDER DIFFERENT DISTANCE PARAMETERS (UNIT SECOND) 2) Matching with the Pulse Response: The estimated starting time and ending time for one channel realization are denoted asP L2 andP R2 , respectively, as shown in Table II . Figure 4 shows the values of correlation in a dotted line, for one channel realization under transmission distance 6Km. When the correlation reaches the maximum, the left pulse response position estimate is given byP L2 = 7.980 × 10 −6 ; and when the correlation reaches zero, the right pulse response position is given byP R2 = 1.372×10 −5 . Considering the real pulse response positions (P L2 , P R2 ) = (8.000×10 −6 , 1.374× 10 −5 ), the matching-based position estimate is more accurate compared with the counting-based one.
We use the mean absolute deviation to characterize the accuracy of the pulse position estimation, denoted as e M . The mean of absolute deviation for the starting time and ending time estimation over 1000 channel realizations are shown in Table II . It is seen that the correlation-based pulse position estimation shows lower deviation compared with the pulsecounting based one.
V. CONCLUSIONS
We have proposed pulse laser-based UV communication over long distance. We have investigated the signal characterization and achievable communication performance. We have also proposed two approaches on the pulse response position estimation, where the correlation-based approach can achieve more accurate estimation compared with the pulse countingbased one.
